This article reviews the state of knowledge on the mechanisms of deterioration of concrete by agricultural and agro-industrial effluents, notably breeding effluents and biowaste valorised in anaerobic digestion plants. The main physicochemical characteristics of agricultural effluents are first listed in terms of components that are aggressive for cementitious materials. Then, the main mechanisms of deterioration of the cementitious materials exposed to the effluents are presented, as highlighted by laboratory studies (synthetic effluents and / or models, specific experimental devices) or with real effluents. The paper also points out the scientific and technical advances needed to improve the durability of concrete in these environments.
Introduction 1
Concrete is widely used for the construction of agricultural and agro-food structures, such as barns, dairy plants, agrofood plants, plants for the production, collecting, storage and treatment of agricultural effluents, biogas digesters, etc. However, the aggressive nature of agricultural and agro-food effluents and biowaste is a threat to the durability and reliability of such structures. The effluents have complex and diverse compositions but they share some common characteristics: they initially contain mineral and more or less complex organic compounds in particulate or dissolved form, and microbial communities of animal or environmental origin. The complex chemical compounds in the effluents are degraded, through the action of the microorganisms, into simpler, oxidized molecules with lower molecular weights. The metabolites (end products of microbial metabolism) generated by the activity of microorganisms are mainly organic acids and ammonium, and gases (CO 2 , CH 4 , H 2 S, among others). Some metabolites are aggressive for the cementitious material, as may be the microbial populations themselves, which can have a specific activating effect in the degradation [1] [2] [3] . Mechanical actions (passage of machinery in the plants, high-pressure cleaning, mechanical scraping, etc.) can add to the physicochemical alteration phenomena. This results in a loss of alkalinity, progressive erosion of cover concrete, decreased mechanical strength, and a loss of impermeability of the concrete to liquids and gases, or even in the ruin of the structure following corrosion of the reinforcements [4] [5] [6] [7] [8] [9] [10] . The consequences of these deteriorations in concrete structures are first of an economic nature for the operators (cost of repairing the structures and stopping the production tools during the works, reduced yield of the biogas production process due to leaks, etc.) but are also environmental (leakage of polluting effluents to the environment). Moreover, the current standard texts aiming at classifying aggressive environments for concrete [11, 12] are incomplete and do not adequately describe the potential risks to concrete structures in agricultural and agro-industrial environments [13] . Developing durable concretes in agricultural and agro-industrial environments -which is an essential step in the successful development of fast growing sectors such as anaerobic digestion -requires a clear understanding of the mechanisms of concrete alteration in these aggressive, multi-component media that vary in both time and space.
This review aims to address the issues mentioned above. The characteristics of the main agricultural and agroindustrial wastes, including biowaste recovered by anaerobic digestion, are first detailed in terms of compounds that are potentially aggressive for cementitious materials. Then, current knowledge on mechanisms of concrete biodeterioration in agricultural and agro-industrial environments is exposed. The presentation is based on the results of laboratory tests (using phenomenological approaches intended to decouple the phenomena) and on tests conducted in complex real environments. The article also highlights the needs in terms of research and evolution of technical prescriptions over the coming years.
Agricultural and agro-industrial effluents and 2 biowaste
In their initial state, agricultural effluents, such as manure, molasses, silage juices, whey or biowaste recovered in biogas plants, contain, among other compounds, more or less complex organic matter and microorganisms (bacteria, archaea, yeasts, fungi, etc. 
Physicochemical characteristics of 2.1 effluents
The microbiological and chemical composition of the effluents is complex and changes over time depending on their nature, their storage conditions (mixing, aeration level, temperature, etc.), and various other parameters, such as the dilution ratio, the depth in the effluent, the animal feed in the case of livestock effluents, etc. [2] . In particular, the concentration of acids is variable and can reach several hundred millimoles per litre. The pH of most of these effluents is between 4 and 8 [2, 14, 15] . The compositions of liquid manure, silage juice and whey, and the biogas environment are presented below because they correspond to frequent environments for concrete. Readers interested in additional information about these media are invited to refer to the review by Bertron and Duchesne [2] . Effluents from the sugar (molasses) or alcoholic fermentation (vinasse) industries are not presented, but fairly detailed information can be found in [2] .
Liquid manure
Manure is the essentially liquid mixture of faeces and urine of farm animals. It is usually stored in gas-and/or watertight containment structures, often made of concrete, to prevent leakage to the environment. During storage, it undergoes aerobic and anaerobic biological transformations. Liquid manure contains inorganic and organic compounds, including volatile fatty acids (or VFA, i.e. carboxylic acids with fewer than 6 carbon atoms): mainly acetic and propionic, but also butyric, and valeric acids, with a total concentration that may exceed 10 g/L. Due to the presence of the acid-base pair NH 3 /NH 4 + [16] , the pH of manure is generally between 6 and 8 [2] . In storage tanks, CO 2 is produced in aerobic zones due to the biological oxidation of biodegradable carbon [17, 18] .
2.1.2
Silage juices and whey Silage juices and whey are presented in the same section because they have similar compositional characteristics in terms of aggressiveness towards the cement matrix.  Silage juices During silage, soluble sugars in green food are mainly converted to lactic acid (predominant acid, at concentrations of 5 to 40 g/L) and also to volatile fatty acids (mainly acetic acid), in anaerobic conditions and under the action of fermentative bacteria. The reactions are accompanied by acidification causing the pH to drop below 4 (usually 3.5 to 4). The reducing environment limits undesirable fermentation (such as the development of butyric flora) and ensures the conservation of the silage. Silage effluent can have very diverse compositions. The main determining factors are the nature of the silage (corn, grass, sugar cane, etc.), the silage mode (in balls, clamp, round or stack silos), the air content (airtightness is a very important factor for silage quality), the moisture content, the temperature, leaching due to rain, and the silage time. Examples of silage juice compositions are given in [2] .  Whey Whey is the liquid phase separated from the solid phase (curd) during cheese making. It contains proteins, lactose, fats and minerals and also a large population of microorganisms. Because of its high lactose content, this effluent is rapidly subject to acid fermentation favouring the production of lactic, acetic and butyric acids and gas (especially CO 2 ). Some whey may also contain citric acid. The pH can quickly reach values close to 3 or even 2. The acidification process is accelerated with increasing temperature. Whey composition depends mainly on cheese processing techniques. Examples of whey compositions are given in [2] .
2.1.3
Biowaste in anaerobic digestion or biogas production Anaerobic digestion is a biological degradation process of agricultural or agro-food biowaste under anaerobic conditions, producing biogas that is energy-efficient in terms of electricity and/or heat (cogeneration). The biological process, called anaerobic digestion, involves four stages of successive organic matter degradation reactions: hydrolysis, acidogenesis, acetogenesis, and methanogenesis [19, 20] . Optimum yields for these processes are obtained for temperatures close to 37°C or 55°C depending on the type of microbial populations involved (mesophilic or thermophilic, respectively). Methanogenesis is the ultimate step that results in the production of biogas, theoretically composed of 65% methane (CH 4 ) and 35% carbon dioxide (CO 2 ). The solid or liquid residue of the anaerobic digestion is the digestate. It is used as fertilizer/agricultural amendment. The economic and environmental benefits and interest of this process, used on an industrial scale, are numerous, making it an attractive and growing sector in Europe. During anaerobic digestion biowaste contains mainly acetic and propionic acids, and butyric acid in small quantities. The acid concentrations vary greatly depending on the effluent nature and the stage of anaerobic reactions (see, for example, [10] ). The pH of biowaste is maintained between 7 and 8 during an anaerobic digestion cycle, which corresponds to the very specific pH conditions required by methanogenic microorganisms [20] . Sometimes a short period of pH drop can be observed at the start of the anaerobic digestion cycle during the acidogenesis phase. Ammonia is formed during the anaerobic digestion process. Given the pH conditions (7) (8) , and the pKa of the NH 4 + /NH 3 acid-base pair (9.25) , ammonia is present mainly in the ammonium ion form. Note that ammonium concentrations measured by Voegel et al. [10] , for example, (up to 40 mmol/L) in biowaste, were about seven times higher than the upper limit (5.55 mmol/L) of exposure class XA3 (very aggressive chemical environment) defined by EN 206, and lower than the concentration of inhibition of anaerobic digestion (about 80 mmol/L) given by McCarty [20] . In addition, the concentration of dissolved CO 2 potentially encountered in industrial digesters (between 2000 and 3000 mg/L, [20] ) corresponds to an exposure class XA3. Other compounds aggressive for concrete are also found in biowaste, such as magnesium, chloride, or phosphorus salts. Moreover, the gas phase is mainly composed of CO 2 and CH 4 , but is also likely to contain significant levels of H 2 S, which is responsible for other types of concrete biodeterioration in the gas phase [21] .
Effluent compositions versus standards on 2.2 classification of aggressive environments
The normative documents classifying chemically aggressive environments for concrete, i.e. standard EN 206/CN [11] , and the French information document FD P 18-011 [12] do not currently provide a comprehensive and relevant description of the potential risk that agricultural, agro-food and anaerobic digestion environments pose for cementitious materials. Organic acids are not considered at all in these texts, acidity-related aggressiveness being mainly indexed by pH, which has been shown to be irrelevant for some organic acids [1, 14] . Their specificity should therefore be considered. Neither do these texts mention the biological component as a potential aggressive agent, although this has been demonstrated in agricultural media as in other biological environments [3, 22, 23] . It should also be noted that the potential effect of temperature is not taken into account, even though the optimum temperature of anaerobic digestion processes, for example, is 37°C or 55°C. However, increased temperature can (i) be a factor accelerating reaction kinetics between cementitious materials and aggressive microbial metabolites and/or (ii) change the stability of the cementitious phases.
More generally, agricultural and agro-industrial environments are multi-component, multi-phasic environments, the composition of which constantly evolves over time and space, during storage or processing. The characterization of their liquid and gas phase compositions must be the subject of further in-depth investigations in order to accurately evaluate the risk for the durability of structures.
Cementitious material biodeterioration 3 phenomena
In order to progress in understanding the mechanisms of cementitious material alteration in contact with agricultural and agro-industrial effluents, an analytical approach is adopted here. It is based on two types of investigations: the first involves model or synthetic media, allowing the mechanisms of alteration by aggressive compounds to be identified when they are taken individually. The second type considers the combination of compounds to complete media.
Decoupled analysis of deterioration by 3.1 isolated aggressive compounds
The main aggressive agents for cementitious materials in agricultural and agro-industrial environments are organic acids, ammonium, CO 2 , and various sulfur, chloride, and phosphorus (among other) salts. The microorganisms themselves may also have a specific effect. The mechanisms of their respective attacks on the cementitious matrix are explained or the relevant references of the literature are recalled below.
Alteration mechanisms by organic acids
A wide range of organic acids is found in agricultural and agro-industrial effluents (acetic acid and other volatile fatty acids, lactic, malic, oxalic, citric, and tartaric acids, etc.). These carboxylic acids are weak acids, i.e. they partially dissociate in water [24, 25] into hydronium ion and the acid anion. The hydronium ion causes the gradual dissolution of the hydrated and anhydrous compounds of the cement matrix, mainly releasing calcium ions. Depending on the chemical conditions and on their formation constants, salts and/or complexes resulting from the reaction between calcium and the anion of the acid may be formed [26] . The aggressiveness of organic acids for the cement matrix depends on three types of parameters: the chemical properties of the acids (pKa, polyacidity), the properties of the calcium salts (solubility, molar volume, affinity for the matrix, mesoscopic shape, etc.), and the physicochemical characteristics of the cement matrix (chemical and mineralogical composition, porosity) [2] . A classification of these parameters' influence is proposed in [1] . The first governing criterion is that of the solubility of calcium salts. For acids with soluble calcium salts (acetic acids and other volatile fatty acids, lactic acid), calcium salts do not form under immersion conditions and chemical attack results in a progressive dissolution of all hydrated and anhydrous phases of the cement matrix (depending on the pH and concentration of acids). Calcium, magnesium, sulfur and alkalis are leached, leaving a porous skeleton of Si-Al gel [27] [28] [29] [30] [31] [32] [33] (Fig. 1) . When calcium salts are not very soluble in water, their formation can protect the cement matrix either temporarily (e.g. tartaric acid) or durably (e.g. oxalic acid), or worsen the deterioration phenomena and increase the kinetics (e.g. citric and succinic acids) [2, 14] . The preponderant parameter is the molar volume of calcium salts in relation to the porosity of the matrix [14] . The solubility of the salts, their affinity for the matrix or their mesoscopic shape also play a role but the influence of the latter has not been apprehended and quantified so far [1] . 
3.1.2
Other chemical compounds The individual action of CO 2 , ammonium or other compounds, such as magnesium or sulfate salts, in the effluents is described in the literature in non-specific studies of agricultural environments [35] [36] [37] [38] [39] . These aspects will not be detailed; the reader is invited to refer to these publications.
3.1.3
Specific action of microorganisms Identifying the possible specific effect of microorganisms in alteration phenomena is important because it indicates whether or not it is necessary to set up biological rather than strictly chemical tests to characterize the performance of cementitious materials in such media. These investigations require the implementation of specific experimental devices intended to integrate the biological component in a relevant way (no standardized test exists so far). Such a device was developed in a study involving a model manure (using a common strain of bacteria present in many effluents: Escherichia coli) [3] . The device (the BMB test) was designed to enable the comparison of mineralogical and chemical changes and degradation depths in cementitious materials exposed to two types of media. The first was a complete medium (E. coli and the products of its metabolism, i.e. organic acids and CO 2 , in particular, medium 1), and the second was obtained from the first medium but with its bacteria removed by a 0.2 μm biomass filtration system (thus containing only the products of their metabolism, medium 2). Media 1 and 2 had very close average chemical compositions and a pH of about 8. A complementary experiment was also conducted with only the strictly acid component of the medium (acetic and lactic acids in adjusted concentrations, medium 3). Comparing the alteration patterns of cement paste exposed to the three media highlighted a significant effect related to the presence of a biofilm on the surface of the cementitious material: in four weeks of exposure, the degraded depths were twice as high in medium 1 (1.3 mm for a paste of CEM I) as in medium 2 (0.65 mm) and the intensity of alteration in terms of decalcification close to the surface was significantly higher in medium 1. The authors explain that the formation of a biofilm on the surface of the cement paste generated significantly more aggressive local conditions (in terms of concentrations of aggressive agents) than those developed in the surrounding environment. The alterations generated by medium 3 were less severe in all respects, presumably due to the absence of some aggressive compounds present in the complete medium (notably CO 2 ). These results show that the biological component can generate a specific effect and that it is necessary to take the multi-component nature of the effluents into account.
Alteration mechanisms in complete media 3.2
A number of studies aimed at exploring the durability of concrete in agricultural and agro-industrial environments have been conducted in real-life settings. In coherence with section 1 of this paper, the three types of environment considered, classified by families of chemical compositions are: liquid manure, silage juice and whey, and biogas environments. The understanding of alteration phenomena relies notably on studies carried out with synthetic media (media reconstituted from chemical components) and/or model media (simplified media) as presented in the previous section.
3.2.1
Liquid manure Some studies have investigated the alteration mechanisms of cementitious materials by real manure [5, 8] . The severity of the attack is generally qualified as moderate. This depends on the manure composition, which may be more or less diluted by wash water or precipitation. The pH of manure is generally between 6 and 8. The attack results in a moderate decalcification, the matrix being intensely carbonated on the surface [5] , and the alteration kinetics are low compared to other agricultural environments (depth less than 80 m after one month of exposure as reported in [5] ) (Fig. 2) . But, in the long term deterioration may significantly affect the cover concrete, especially for medium quality concretes, and lead to corrosion of the reinforcement.
3.2.2
Silage juices and whey Experimental campaigns carried out on concretes exposed to silage juices or whey can be found in the literature. Most of them mainly focus on the evaluation of different materials' performance without considering alteration mechanisms [40] [41] [42] . Experiments exploring biodeterioration mechanisms in such effluents, the average pH of which is about 3.5-4, are fewer [5, 21] . They show a predominant role of the acids (acetic, lactic and citric acids) and little or no carbonation pattern. The cement matrix shows intense decalcification and dissolution of aluminium and iron in the outer zone (Fig. 2) , a sign that the surface pH is likely to have reached values significantly lower than 4, probably due to the formation of a microbial biofilm on the surface. This biofilm generates more aggressive local conditions than the average environment analyses suggest. . This diagram synthetizes data from EPMA, XRD and SEM-EDS analyses [5] , [27] . Ett+: secondary non-harmful ettringite precipitated in the transition zone. In the conditions of the experiments, the thickness of the altered and transition zones were 90 m and 120 m, respectively, for a) and 2000 m and 200 m, respectively, for b) after 4 weeks of exposure [9] .
3.2.3
Biogas systems Recent studies focus on the issue of concrete biodeterioration in anaerobic digestion structures [9, 10, 15, 21, 43] . The current growth of the biogas sector, where structures are often made of concrete, makes it necessary to investigate alteration mechanisms and performance of concrete in these environments [9] . The core of the industrial process of anaerobic digestion is the digester, in which the organic fraction of a solid or liquid biowaste is transformed, under the action of microorganisms with anaerobic metabolisms, into biogas and digestate (solid and/or liquid digestion residue). In a running digester, two distinct zones are identified as risk zones for concrete material: the liquid part containing dissolved aggressive metabolites (volatile fatty acids, ammonium, CO 2 , Mg, P and S salts, in particular), and the gas phase with high concentrations of CO 2 and H 2 S.
 Deterioration in liquid phase
The work of Voegel et al. [10] explored biodeterioration phenomena in the submerged part of the digester using a typical food biowaste. Normal operating conditions and accident conditions leading to the disruption of the anaerobic digestion process have been studied [9, 10, 43] . The usual conditions correspond to normal operation of anaerobic digestion. The metabolites produced are, mainly, organic acids (which disappear at the end of the cycle), ammonium, CO 2 and CH 4 . The pH is between 7 and 8. Voegel et al. showed that alteration mechanisms corresponded to a combination of leaching (related to the action of organic acids and ammonium), carbonation, and a significant effect of surface biofilm formation (almost complete decalcification suggesting local production of aggressive metabolites at high concentrations). Amorphous calcium phosphate presumably precipitated in the outer part of the altered zone (phosphate contained in the biowaste) (Fig. 3) . Ett+: secondary non-harmful ettringite precipitated in transition zone. For CEM I paste, the thickness of the altered zone and of the transition zone were 300 m and 400 m, respectively, after 5 weeks of exposure [9] .
These results obtained in laboratory experiments were confirmed, in terms of mechanisms and kinetics of alteration, by in-situ immersion experiments of cement samples in the digester of a pre-industrial biogas plant fermenting real agricultural waste (bovine manure) [9] . In addition, Koenig and Dehn's experiments [21] in the liquid phase of a digester also revealed intense carbonation of the cement matrix.  Deterioration in gas phase Keonig and Dehn [21] exposed concrete cores in the gas phase of an anaerobic digester previously desulfurized by atmospheric oxygenation to reduce the H 2 S concentration to less than 500 mg/m 3 (about 360 ppm). After 18 months of experiment, the samples showed signs of intense alteration related to the reactions with H 2 S and CO 2 in the gas phase: precipitates of sulfur products (elemental sulfur, crystallized or not) and gypsum and other polymorphic crystalline phases of calcium carbonates were identified. Microorganism identification at the surface of the specimens highlighted the presence of heterotrophic bacteria capable of oxidizing organic substrates and a large population of sulfur-oxidizing bacteria. The presence of the latter was probably made possible by the oxygenation process used to reduce the H 2 S concentration in the gas phase. The phenomena of biodeterioration under strictly anaerobic conditions in the gas phase (i.e. without voluntary oxygenation) must be investigated.
Conclusion 4
The chemical (organic acids, ammonium and CO 2 in particular), and biological (specific effect of biofilm on the surface of materials) components of agricultural and agroindustrial environments are responsible for severe attacks on cementitious materials. Mechanisms of concrete deterioration have been studied, more or less comprehensively, in the literature by considering the individual and combined action of different aggressive agents, in model and real environments, and have enabled understanding to progress. Regarding the action of organic acids on materials, various aspects have yet to be clarified, notably the influence of certain properties of acid salts (e.g. the salt's affinity for the matrix, its mesoscopic shape and its mechanical properties). Knowledge of the combined action of aggressive metabolites (organic acids, ammonium and CO 2 , in particular) also needs to be refined to tend towards a predictive approach of the aggressiveness of the effluents. It has been clearly demonstrated that the pH should not be considered as the sole indicator of the aggressiveness of acidic media: the acid composition must also be evaluated (nature of acids and concentrations). In this perspective, standards defining the classification of chemical environments aggressive to concrete should be improved. Regarding the specific effect of the biological component, there is currently no standard test method for qualifying concrete in microorganism-bearing environments. This gap must be filled in the coming years, particularly on the basis of test methods proposed in the literature. In addition, the design requirements for concrete destined for use in these environments must be adapted to better consider the specificities of biodeterioration. Finally, in the particular case of anaerobic digestion, the studies recorded in the literature show that the anaerobic digestion medium is very aggressive for concrete, notably because of high concentrations of some metabolites. Further investigation should focus on (i) the complete characterization of biowaste in terms of concentrations of aggressive agents in the different configurations that may be encountered (variability of waste, exacerbated metabolic pathways), (ii) the evaluation of concrete alteration mechanisms in these different situations and (iii) the development of high performance cementitious materials. This is the purpose of the French ANR BIBENdOM project (2016) (2017) (2018) (2019) (2020) in which the authors of the present paper are involved.
